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(54) Aid adaptive fuzzy cosnftroflleir and siimiullatoon method 



(57) An adaptive fuzzy controller for use with a con- 
trolled system and for controlling a first object of the 
controlled system in accordance with a system control 
parameter is described; whereby the fuzzy controller 
comprises: 

a fuzzy rule base (105) including control rules for per- 
forming a fuzzy inference operation; and an adaptive 
unit for adaptively changing a parameter relating to one 
of the control rules of the fuzzy controller in accordance 
with a multi-dimensional performance table having at 
least three dimensions, the inputs for the table being an 



error in the system control parameter, the rate of the 
change of the error in the system control parameter and 
a value related to a state of the controlled system or a 
value related to a state of an object in the controlled sys- 
tem. 

Also methods of operating the controller are 
described, in particular its use in a control system for a 
nuclear reactor. A simulator is described for testing the 
controller. 
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Description 

[0001] The present invention relates to a controller and a method of operating a controller suitable for safety critical 
applications such as a nuclear reactor, particularly when the controlled system is relatively well characterised. The 
5 present invention also includes a control system including a group of controllers. The present invention also relates to 
a simulation model which may be used to check the performance of controllers for safety critical applications, especially 
. nuclear reactors. 

TECHNICAL BACKGROUND 

10 

[0002] Fuzzy control rules are the core of a fuzzy controller although the membership functions and scale factors are 
also important with respect to the effect of the fuzzy logic controller. With the help of the knowledge of operators, a fuzzy 
controller is able to work well. A fuzzy controller with fixed fuzzy control rules is not adaptive. Such a fuzzy controller 
may not work well if the environmental conditions are changed or some fuzzy control rules are not well selected. In an 

is attempt to solve these problems, Procyk and Mamdani proposed a self-organising process controller in the 1970's in 
which the fuzzy control rules could be self-adjusted based on a performance measurement. In Procyk and Mamdani's 
work, a performance measurement table was designed to assess the quality of the fuzzy control rules. However, a good 
performance measurement table is difficult to obtain, and its suitability may depend on the specific system. Other known 
fuzzy controllers adjust membership functions and/or scale factors to provide adaptive functions. 

20 [0003] Generally, fuzzy adaptive control includes three aspects: (1 ) regulated scale factors; (2) regulated fuzzy control 
rules; (3) both regulated scale factors and rules. As for (3). it is not used widely as it is difficult to modify scale factors 
and control rules simultaneously with good and stable results. As for (1), it can indeed improve quality of fuzzy control, 
however, it is not optimal. 

[0004] Normally, the methods of getting rules for fuzzy controllers can be broadly divided into two types, sourceable 
25 and non-sourceable. In the sourceable method the rules are obtained from some information source, such as human 
experience or historical input-output data. This type of experience is widely used by fuzzy controller designers. The 
problems of using a data base of experience are that it is time-consuming and subjective to some degree. In order to 
overcome these problems, particularly avoiding the subjectivity, historical input-output data may be used. In order to 
obtain rules from those data, many methods are used, of which one example is neural networks (NN). One problem with 
30 the sourceable method is that it depends strictly on the quality of the source which will be transformed into rules. In case 
the source is noisy, i.e. contains erroneous information, then the rules will be noisy too. Another problem with the 
sourceable method is that it is usually non-adaptive, i.e. all the rules are fixed, therefore it cannot perform well in a 
dynamically varying environment. 

[0005] Non-sourceable methods are source-free and they produce and choose rules according to a performance 

35 measurement of the controller, such as genetic algorithms (GA) which mostly also generate membership functions and 
scale factors or self-organising controllers (SOC). GA's can find integratedly optimal parameters but the method is com- 
putationally costly, and, furthermore, it is almost impossible apply it in a real complex system without a simulation 
model. The SOC is the only method which has the following advantages: objective, adaptive, less computationally 
expensive, more error tolerant, and simple. The general principle of the SOC is that the controller monitors its own per- 

40 formance and adjusts its control rules to improve performance for time-varying and unknown systems or events. The 
problem with SOC is how to do the performance measurement. One known method is to design a performance meas- 
urement table which looks a little like a fuzzy control rule table and to use it to assess the performance of the controller 
(rules). The table is used to regulate (modify) the fuzzy control rules. But in practice setting up such a performance 
measure table is hardly easier than setting up a good fuzzy-control-rule-table. Hence, the design of such a performance 

45 measurement table may be very difficult and it is often system-dependent. 

[0006] Fuzzy adaptive control (FAC), sometimes called self-organizing fuzzy control, uses an intelligent algorithm 
which is able to self-regulate fuzzy control rules in a real-time control process. Although usually a fuzzy controller with- 
out an adaptive function may sometimes work very well, an adaptive function is considered to be a requirement as an 
advanced aid in some systems with too many uncertainties so that the rules cannot be determined accurately at the 

so design stage. On the other hand an adaptive fuzzy controller has a potential for erratic or erroneous behaviour when 
confronted with certain unexpected aspects of the system or with certain unusual situations. Fuzzy logic is convention- 
ally the main part of a fuzzy controller and the fuzzy controller usually has a plurality of inputs, e.g. two inputs and two 
outputs. Conventionally such a fuzzy controller replaces a classical controller, e.g. a PID controller. A fuzzy controller 
may be good for a complex system with many uncertain conditions, but it is perhaps not so good for a complex system 

55 with many certain conditions, where an analytic controller (non-fuzzy) works very well. Fuzzy logic has been applied 
successfully to some ill-defined industrial processes, but its value in the operation of well-characterised systems has 
not yet been demonstrated clearly. For example, a fuzzy rule-based approach has not yet achieved general acceptance 
in a nuclear reactor control. One reason is the high level of safety requirements in safety critical systems. A safe design 
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of a fuzzy controller for safety critical systems such as a nuclear reactor with very high safety requirements is consid- 
ered technically very difficult. Such a controller preferably has inherent safety features, however, it is practically impos- 
sible to predict all possible accidents and unusual situations. Thus, a controller which is too rigidly designed, even with 
respect to its adaptive function, may fail in unusual situations. The performance of any controller which is used in safety 

5 critical systems is preferably determinable within safe limits. Organisations entrusted with approving the use of such 
controllers must be able to satisfy themselves that the controller will behave well and properly. One problem with genetic 
algorithms and neural networks is that their operation can be so complex that it is difficult to for a supervising organisa- 
tion to rule out the possibility that some state of the controller exists whose behaviour may be sufficiently sub-optimal 
that dangerous conditions may develop. 

io [0007] US 5,655,056 describes a fuzzy controller group control system in which a plurality of fuzzy controllers are 
interconnected by a communication line and the parameters of rules and membership functions of each fuzzy controller 
are capable of being adaptively changed depending upon the state of the controlled system so as to improve the control 
performance of the overall system. This known system only modifies fuzzy rules based on the observed difference 
between actual and desired values of a control parameter. The fuzzy rule modification algorithm is very simple and only 

75 allows a single step modification. Changes in load are usually much larger than load disturbances so that the known 
controllers must always adapt their rules to steady state load disturbances or a large change in set load. This takes time 
and it is difficult to design a controller which works well with both types of system. 

SUMMARY OF THE PRESENT INVENTION 

20 

[0008] The present system includes a fuzzy controlled system comprising: a controlled system; a sensor for sensing 
a state of the controlled system; at least one fuzzy controller having control rules for performing a fuzzy inference oper- 
ation, the fuzzy controller controlling a first object of the controlled system in accordance with a system control param- 
eter; and an adaptive unit for adaptively changing a parameter relating to one of the control rules of the at least one 
25 fuzzy controller in accordance with a multi-dimensional performance table having at least three dimensions, the inputs 
for the table being an error in the system control parameter, the rate of the change of the error in the system control 
parameter and a value related to a state of the controlled system or a value related to a state of an object in the con- 
trolled system. 

[0009] The present invention also includes a method of controlling a system including at least one fuzzy controller 
7: 30 having control rules for performing a fuzzy inference operation, the at least one fuzzy controller controlling a first object 
of the controlled system in accordance with a sensed system state of the controlled system, comprising the steps of: 
adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy controller in accordance with 
a multi-dimensional performance table having at least three dimensions, the inputs for the table being an error value for 
the sensed system state, a rate of change of this error and a value related to a state of the controlled system or a value 
35 related to a state of an object in the controlled system. 

[001 0] The present system includes a fuzzy controlled system comprising: 

a controlled system; a sensor for sensing a state of the controlled system; at least one fuzzy controller having con- 
trol rules for performing a fuzzy inference operation, the fuzzy controller controlling a first object of the controlled 
40 system; and an adaptive unit for adaptively changing a parameter relating to one of the control rules of the at least 
one fuzzy controller, the adaptive unit being adapted to change the parameter relating to one of the control rules in 
a current time period in accordance with a value relating to the current output value of the sensor and a value relat- 
ing to the output value of the sensor in a previous time period. 

45 [0011] The present invention also includes a method of controlling a system including at least one fuzzy controller 
having control rules for performing a fuzzy inference operation, the at least one fuzzy controller controlling a first object 
of the controlled system in accordance with a sensed system state of the controlled system, comprising the steps of: 
adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy controller in a current time 
period in accordance with a current value relating to a sensed system state and a value relating to a sensed system 

so state in a previous time period. 

[0012] The present invention also includes a control system for a group of controllers comprising: 

at least one fuzzy controller having control rules for performing a fuzzy inference operation, said fuzzy controller 
controlling a first object of a system to be controlled in accordance with a control parameter of the controlled sys- 
55 tern; 

at least one analytic controller for controlling the first object of the controlled system; a control means for controlling 
which of the at least one analytic and the at least one fuzzy controllers actively controls the controlled system; and 
an adaptive unit for adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy con- 
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trailer in response to changes in the control parameter. 

[001 3] The present invention also includes a method of operating a group of controllers at least one fuzzy controller 
having control rules for performing a fuzzy inference operation, said fuzzy controller controlling a first object of a system 
5 to be controlled in accordance with a control parameter and at least one analytic controller for controlling the first object 
of the controlled system; the method comprising the following steps: 

controlling which of the at least one analytic and the at least one fuzzy controllers actively controls the controlled 
system; and 

10 adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy controller in response 
to changes in the control parameter when the fuzzy controller is actively controlling the controlled system. 

[001 4] The present invention also includes a simulation system for well characterised safety critical systems compris- 
ing a first hollow vessel, a second hollow vessel and a third hollow vessel; a supply of liquid to each of the second and 
75 third hollow vessels; an output for the liquid from each of the second and third vessels to the first vessel; a liquid outlet 
from the first vessel; 

a first controllable valve for controlling the flow of liquid from the second to the first vessel; and a second controlla- 
ble valve for controlling the flow of liquid from the third to the first vessel. 

20 

[0015] The present invention also includes a system for controlling a safety critical system, the safety critical system 
having two automatic control devices, comprising a safety lock, the safety lock allowing the system to be controlled by 
only one of the automatic controllers at any one time. 

[0016] In accordance with one embodiment of the present invention, a rule-based multi-controller system (RBMCS) 
25 is proposed which combines one analytic controller and one or more fuzzy logic controllers, in which the analytic con- 
troller has a dual duty, that is, it operates as a controller in some crisp conditions and it also plays a role of co-ordinator 
among all the controllers. A fuzzy adaptive control algorithm is incorporated in the RBMCS method. 
[0017] In accordance with another embodiment of the present invention a set of new performance rules for modifica- 
tion of the controller's fuzzy rule base is proposed which can replace the former conventional performance measure- 
30 ment. The new rules are system-independent, therefore it can be applied in most fuzzy controllers, for instance in 
nuclear reactor control. As an additional security, and before it is applied in an operational reactor, the fuzzy control sys- 
tem in accordance with the present invention has been tested on trial systems, e.g. an inverted pendulum simulation 
system, a beating temperature control system, and a water level control system. The experimental results show the 
adaptive function with the new performance rules is very effective in steady-state. It makes a normal fuzzy controller 
35 more robust and more stable. The adaptive function with the new performance rules may be adopted in most fuzzy con- 
trollers which need high precision in the steady-state and lower cost. 
[0018] The present invention will now be described with reference to the following figures. 

BRIEF DESCRIPTION OF THE FIGURES 

40 

[0019] 

Fig. 1 is a schematic representation of an adaptive fuzzy controller for use with the present invention. 
Fig. 2 A is a schematic representation of the core of a nuclear reactor. 
45 Fig. 2B is a schematic representation of a simulator in accordance with one embodiment of the present invention. 

Fig. 3 is a schematic representation of a fuzzy control system in accordance with one embodiment of the present 
invention. 

Figs. 4 and 5 show a general control profile for a system variable. 

Fig. 6 shows the results of an adaptive fuzzy controller in accordance with an embodiment of the present invention 
so compared with an adaptive controller without adaptive functionality. 

Fig. 7 shows the results of an adaptive fuzzy controller in accordance with an embodiment of the present invention 
compared with an adaptive controller without adaptive functionality but with good rule base. 
Fig. 8 is the performance trace of a conventional PID controller. 

Fig. 9 is a schematic representation of a fuzzy controller system in accordance with one embodiment of the present 
55 invention. 

Fig. 1 0 is a schematic representation of a fuzzy controller in accordance with one embodiment of the present inven- 
tion 

Fig. 1 1 is a schematic representation of a nuclear reactor control system including a fuzzy controller system in 
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accordance with one embodiment of the present invention. 
DESCRIPTION OF THE ILLUSTRATIVE EMBODIMENTS 

5 [0020] The present invention will mainly be described with reference to control systems for nuclear reactors and sim- 
ulation systems therefore, but the present invention is not limeted thereto but only by the claims. 
[0021] Fig. 1 is a schematic diagram showing an adaptive fuzzy controller as used in the present invention. A state 
(or states) of a system 101 to be controlled is output as a performance parameter to a performance judgement unit 1 03. 
Based on the observed performance, fuzzy rules in the fuzzy rule base 1 05 in a fuzzy controller 104 are modified. The 

10 effect of these changes is to change the output of the fuzzy inference unit 107, ideally to drive the system 101 closer to 
a desired performance. As is well known to the skilled person, the input variables of controller 104 are fuzzified (1 07) 
and the outputs are defuzzified (109). It is not expected that fuzzification or defuzzification presents limits to the present 
invention and details of these operations will not be described. In addition the skilled person is aware of the use of scal- 
ing factors and membership functions in the controller 100. It is not expected that scale factors or membership functions 

is present limits to the present invention and these will not be described in detail. At the beginning of each cycle, the sys- 
tem's currently sensed behaviour is judged in the performance judgement unit 103 and the rule base 105 is changed if 
this is necessary. Conventionally, this judgement is carried out in accordance with a performance table whose inputs 
are the error E (the difference between the actual value and the desired value) and CE which is the rate of change of 
the error. Using E and CE as inputs, the value in the performance tabled is looked up and the relevant fuzzy rule 

20 changed accordingly. In the next cycle, the controller 104 uses the new rule base for determining the control of the sys- 
tem 101, whose behaviour is again judged in this cycle and the above procedure is repeated. Such a control system is 
known from the book by Witold Pedrycz, "Fuzzy Control and Fuzzy Systems", John Wiley & Sons, 1993. 
[0022] Fig. 2A is a schematic representation of a graphite-moderated and air-cooled nuclear reactor BR1 fuelled with 
natural uranium metal. The power generated by the reactor BR1 is controlled by two kinds of control rods, called A-rods 

25 and C-rods respectively. Moving the control rods in and out can change the neutron absorption in the core of reactor 
BR1 , therefore changing the output power. The A-rods are for fine tuning, and C-rods are for main or coarse tuning. 
Suppose a power increase of a nuclear reactor is desired, a conventional control strategy would be: 

1 . Put A-rods at the middle position, and withdraw C-rods, thereby inserting positive reactivity. Having waited for a 
30 time period, the operator then allows the power to rise. 

2. Once the power level approaches the desired value, either 
2A. reinsert C-rods gradually; or 

2B. stop C-rods but move in A-rods, 
thereby levelling off the power without overshoot. 
35 3. Whenever A-rods reach one of their limit positions, move A-rods back to the middle position and meanwhile 
move C-rods the appropriate distance to maintain the power. 

[0023] The first control step and the third control step are more closely related to analytic crisp rules, because the 
middle position and the limit positions can be clearly defined and determined. Generally, when a safety-critical system 

40 is far from its desired value an analytic controller behaves adequately to PTO. In accordance with one embodiment of 
the present invention, when the control parameter is close to the desired value, fuzzy control is used. For instance, the 
closer the reactor power is to the desired value, the smaller the movement of the control rods, the less the risk of erratic 
behaviour by the controller and the more adaptive the controller should be. In a controller in accordance with one 
embodiment of the present invention, good analytic crisp rules are used when the actual value of the control parameter 

45 (in a nuclear reactor: power) is well away from the desired value and fuzzy logic is applied to those uncertain rules when 
the actual value approaches the desired value. Such a controller will be called a rule-based multi -controller system 
(RBMCS) in accordance with the present invention. 

[0024] An RBMCS 1 in accordance with one embodiment of the present invention is shown schematically in Fig. 3, 
and is configured as a plurality of controllers 3; 5-7 organised in a hierarchical manner. A high level conventional ana- 

so lytic control means 2 is the main coordinator of other lower level controllers 3; 5-7. The analytic control means 2 
includes a controller organiser 4 and an analytic controller 3. The analytic control means 2 has two tasks: it firstly 
includes the analytic controller 3 operating according to some crisp condition rules and secondly distributes the control 
tasks between the fuzzy controllers 5-7 and the analytic controller 3, however the present invention is not limited 
thereto. For instance the first and second functions of the analytic control means 2 may be independent of each other 

55 and may be embodied in separate electronic devices. Each fuzzy controller 5-7 preferably controls one object, e.g. a 
control rod in a nuclear reactor. The controller organiser 4 decides when and which of the fuzzy controllers 5-7 and the 
analytic controller 3 starts to work or stops working. 

[0025] In accordance with one embodiment of the present invention a simulation system 40 is provided (Fig. 2B) 
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which mimics the control process of a nuclear reactor and can be used to assess the performance of any type of con- 
troller for nuclear reactors, in particular experimental fuzzy controllers and more generally can be used to assess the 
performance of controllers for safety critical systems. In this simulation model 40 the water level in a main tower 42 is 
controlled by adjusting two valves 47, 48 (VL and VS) which control the flow from two smaller towers 41 , 43, respec- 

5 tively. The main tower 42 has an outflow 44 at the bottom as well as two inflows from the two smaller towers 41 , 43, 
therefore the water level changes as a dynamic system. The smaller towers 41 , 43 are filled with sources of water 45, 
46. Ideally the difference in throughput of the two linear valves VL and VS should such that VL is a main-tuning valve 
• and VS a fine-tuning valve so that VL can be used to keep the balance of the water level while VS is going back to the 
middle position because it has arrived at a limit position. The linear valves VL and VS should preferably have an instant 

to stop function. 

[0026] Generally the system to be controlled has a desired value, e.g. water level in tower 42 measured by a pressure 
sensor 49. Let E and CE represent error (= actual value -desired value) and the rate of change of the error, respec- 
tively. Let E(t) and CE(t) represent error at time t and the rate of change of the error at time t, respectively. These are 
the two inputs of the fuzzy controllers 5-7. Let f be the output of any controller 3, 5-7, in particular the fuzzy controllers 
75 5-7 and assume the total number of the fuzzy rules is n, then every fuzzy rule has the following form, 

if E is Ai and CE is Bi, then / is Ci, 

where i = 1 ,2 n; Ai, Bi, and Ci are fuzzy linguistic values; and i is an index pointing out each rule's position in the rule 

20 table (or the rule data file). The function r[i] represents the fuzzy control magnitude (conclusion fuzzy set) of the i-th rule, 
and simply let 

r[i] = 1,2,3,4,5.6,7 

25 where 1 = NL (negative large), 2 = NM (negative middle), 3 = NS (negative small), 4 = ZE (zero), 5 = PS (positive small), 
6= PM (positive middle). 7 = PL (positive large). 

[0027] In general, a control trajectory may be expressed as shown schematically in Fig. 4, and it can be regarded as 
having up to four feature sections and four feature points. For each feature section or point, a norm is provided in 
accordance with the present invention of how to regulate (modify) the fuzzy control rules to guide the control of the sys- 
30 tern. For example, if the current water level P(t) of the simulation 40 is in the feature section (1) (see Fig. 5), then after 
the relevant fuzzy controller 5-7 has used the current control rules to determine the operation for the next period of time, 
the water level P(t+ 1)a\ the next time period is measured by the sensor 49 and can have three possibilities 2', 2" or 2'", 

2' = P(t+1)<S and P(t+1)<P(t); 
35 2" = P(t)<P(t+1)<S; 
Z"=P(t+1)>S. 

where S is the desired value of the control parameter. The related norm to guide how the fuzzy rules should be changed 

is: 

40 

(i) if E(t+1)<0 and CE(t+1)<0, that is, P(t+1)<Sand P(t+1)<P(t), then r[i]=r[i]+a; 

(ii) if E(t+1)<0 and CE(t+1)>0, that is, P(t)<P(t+1)<S, then r[i]=r[i]; 

(iii) if E(t+1)>0, that is, P(t+1)>S t then r[i]=r[i]-a; 

45 where a is the rule modification step size and a is an integer such as 1 , 2, 3, 4, 5, 6. In case (i), the fuzzy controller 5- 
7 brings the water level P(M) further away from the set value S, therefore the behaviour of the fuzzy controller is not 
good, the degree of control is too low and corresponding rules should be strengthened. In case (ii), the fuzzy controller 
5-7 brings the water level P(M) closer to the set value S, therefore the behaviour of the fuzzy controller 5-7 is good, 
no rules should be changed. In case (iii), the fuzzy controller 5-7 makes the water level P(t+1) overshoot the set value 

so S, therefore the behaviour of the fuzzy controller 5-7 is not good, the degree of control is too high and corresponding 
rules should be weakened. Once the present invention is understood, the skilled person will appreciate that it may be 
implemented in several ways, e.g. the above change algorithms may be included as a software program running on a 
computer, alternatively, performance tables may be used. In accordance with one aspect of the present invention the 
change of the fuzzy rules depends not only on values determined from a performance determined by current values of 

55 E and CE. but also on the value of E from a previous cycle. In the case that performance tables are used, the values 
in the performance table change in dependence upon a previous value of the system state, that is a previous value of 
E or the relationship between a previous value of E and its current value determine the value in the performance table. 
Thus, in accordance with one aspect of the present invention the values derived from the performance judgement unit 
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103 of Fig. 1 which are used to modify the fuzzy rule base 105 are not determined solely from E and CE as in a con- 
ventional performance table but also from historical values of E and the relationship (e.g. larger or smaller) of this his- 
torical value to the current value. 

[0028] As shown in Fig. 4 a control locus may be partitioned into 4 segments and 4 points and the following norms 
used for the following eight different cases (the case numbers 1 -8 are shown on Fig. 4). These rules are used for deter- 
mining the performance modifications carried out to modify the fuzzy rules of a fuzzy controller according to an embod- 
iment of the present invention. 

Case (1) Eft) <0 and CE ft) >0 

(i) E(M)<D 



if CE(t+ 1))>0, then r[i\=r[i\ t 

is else r[/]=min(/t/]+1xa,7), which means the lowest value of r[/]+1xa and 7 (i.e. cannot be higher than 7) 

(\\)E(t+1)=Q 

if CE(t+1))>0, then r[/]=max(r[/]-1xa l 1), which means the highest value of r[i]-Axa and 1, (i.e. cannot be 
20 lower than 1) 

if CE(t+1))=0, then r[i]=f\i], 

if CE(t+1))<0 , then r[/]=min(r[/]+1xa p 7). 



(iii) E(t+1)>0 

if CE(t+1))> 0. then r[/>max(f[/]-1xa. 1). 
if CE(t+1))<0, then r[/]=rt/]. 

Case (2) Eft) >0 and CEft) >0 

(i) E(t+1)>0 

if CE(t+ 1))>0 , then f[/>max(Al/]-1xa, 1), 
else r[i]=r{i]. 

(\\)E(t+1) =0 

if CE(t+1))z0 t then r[i]=r[i] 
if CE(t+1))<0 , then r(/]= min(/t/]+1xa,7). 

(iii) E(t+1)<0 

if CE(t+ 1))< 0, then /-{/]= min(r[/]+1 xa,7), 
if CE(t+1))>0, then r[/]=/f]. 

Case (3) Eft) >0 and CEft) <0 

{\)E(U1)>0 

so if CE(t+ 1))<D, then r[i\=r\i\, 

else r[/>min(/t/]+1xa,7). 

(ii) E(t+1) =0 

55 if CE(t+ 1)<Q, then r[/]=max(/t/]-1xa. 1). 

if CEft* 1))=Q, then r[/]=r{/], 
if CE(t+1))>0, then r[/]=min(/t/]+1xa,7). 
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(iii) E(t+1)<Q 

if CE(t+1))<> 0 , then r[/]=max(At/]-1xa, 1), 
if CE(t+1))>0,Xhen r[i\=r{i\. 

5 

Case (4) Eft) <0 and CE(t) <0 

ro if CEft+1))>O t then ^/]= max(r[/]-1xa. 1), 

else r[/]=r[/]. 

(\\)E(t+1) =0 

75 if CEft+1))<O t then r[i]=r[i], 

if CE(t+1))>0, then /f/>max(/f/]-f1xa,1). 

(iii) Eff+t; <0 

20 if CE(t+1))<0, then r[f]-min(/f xa,7), 

if CE(t+1))>0 , then r[/>/t'l- 

Case (5) E(t)=0 and CEft) >0 

25 Q)E(t+1)>0 

if CE(t+1))20. then ft /]=max( 4/1-1 xa. 1). 
else r[/]=/t/|. 

30 (ii) E(f+7J =0 

if CE(f+7;)>0, then /t/>max(r[/l-1xa, 1), 

if CE(7+)j)=0, then r[/>rM, 

if CEff+r;)<0, then /t/]=min(/t/]+1xa,7), 

35 

(iii) <0 

if CE(t+1))£ 0, then r[/]=min(rt/]+1xa.7). 
40 if CE(t+ 1))>Q, then 

Case (6) Eft) >0 and CEft)=Q 
Similar to case (5). 

45 

Case (7) Eft) =0 and CE(t) <0 

(i) E(Y+7;>0 

so if CE(7+ 7j)S>0, then r[i\=mzx{r[i\A xa, 1), 

else r[/]=At/l. 

(ii) E(t+1) =0 

55 if CE(t+1))>0, then r[/]=max(r[/]-1xa, 1), 

if CE(t+ 1))=0, then /t/]=r[/] , 
if CE(t+1))<0 t then rt/l=min(4/]+1xa.7). 
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(iii) E(t+1) <0 

if CE(t+1))<0, then r[/>min(4/]+1xa,7), 
if CE(t+1))>0, then (\i]=r[i\. 

5 

Case (8) Eft) <0 and CE(t) =0 
Similar to case(1). 

10 where a is the coefficient of fuzzy rule modification step size, a e N (natural number) and is typically, 1 < a < 7 and r[i\ 
represents the fuzzy control magnitude (conclusion fuzzy set) of the Mh rule in the rule table and is defined above. A 
comparison of case 1 (ii) and case 2 (ii) shows that although in both cases E(t) = 0 and CE(t) > 0 and therefore the 
modification rule would be the same in both cases for a conventional performance table, the modification rules in 
accordance with the present invention are different. The difference between the modification rules of case 1 (ii) and 

r5 case 2 (ii) stems from the fact that in the two cases the previous value of E is different. Thus, in accordance with one 
aspect of the present invention the modification rule generated by the performance judgement unit takes into account 
not only current values but also the value of a previous system performance value. The advantage of the performance 
measures in accordance with the present invention is that they can be used generally. Conventional performance meas- 
ure tables are not generic, because they are system dependent and different for different objects. 

20 [0029] The skilled person will realise that although the above algorithm makes use of three states for each variable, 
e.g. E is negative, zero or positive, the above algorithm may be extended to a larger number of states by using mem- 
bership functions for the values of each variable, such as large positive, medium positive, small positive, zero, small 
negative, etc. One way to describe the present invention is that the modifications of the fuzzy rule base 105 of Fig. 1 is 
carried out in accordance with a multi -dimensional performance table, with dimensions of 3 or more. Two of the axes of 

25 the performance table in accordance with the present invention are the error E and the change of error with time CE. 
At least one further dimension of the table has an axis defined by a value related to a state of the system or an object 
of the system, in this embodiment it is the error E at the previous cycle. This means that the multi-dimensional perform- 
ance table has inputs of E. CE, and one further variable related to a state of the system or a state of an object in the 
system. Hence, a rule in the multi-dimensional performance table in accordance with an embodiment of the present 

30 invention to modify a rule in the fuzzy rule base may be in the form: 

if E is Ai and CE is Bi. and the third variable is Cj then the output of the table is D h where i = 1 ,2, .... n; Ai, Bi, Ci, 
and Dj are fuzzy linguistic values; and i is an index pointing out each rule's position in the rule table (or the rule data 
file). 

35 

[0030] The present invention is not limited to the third axis of the multi -dimensional performance table being related 
to historical values of a system parameter. In a further embodiment of the present invention, the third axis is the actual 
value of the position of a controlled object of the controlled system. For instance, in the control of a nuclear reactor the 
rod position may be used as an input variable of the multi-dimensional performance table. This means that the value is 

40 selected from the performance table depending on the three variables E t CE, and the value relating to the position of 
the respective C or A rod. This allows the rule modification algorithm to be dependent on the position of the controlled 
rod as well as on the conventional error and change of error parameters. This can allow for non-linearities in the system, 
e.g. that the degree of change of the fuzzy rule base may be reduced or limited when the rods are in extreme positions 
or when large non-linear behaviours are expected which may cause significant performance disturbance. This embod- 

45 iment may be combined with the previous embodiment to produce a further embodiment of the present invention in 
which the performance table is four dimensional whose inputs are E, CE. the value relating to the position of the respec- 
tive C or A rod, and a historical value of E. Reference to multi-dimensional performance tables relates in accordance 
with the present invention to the broadest conceptual description of the present invention and not necessarily to an 
implementation of the present invention using multi-dimensional look-up tables. Hence, "performance table" means a 

so function for providing a value for the modification of the fuzzy rule base based on three or more inputs implemented by 
whatever means. 

[0031 ] Preferably not ail fuzzy rules should be regulated (modified) simultaneously as this may lead to over-regulation 
and instability. Hence, it is preferred in accordance with the present invention if only some of the fuzzy rules are regu- 
lated, for example, those that were activated in the last cycle. The following formula describes which should be prefer- 
55 ably adjusted: 
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4(E)AB i (CE)= v Aj(E)aBj{CE) 

5 

which means that the i-th rule is preferably changed only if it is the largest amongst those activated rules which have 
* the same conclusion part. For example, (NL, NM: PL) and (NM, NM: PL) are two activated rules and have the same 
conclusion part, i.e., PL Comparing NL(E) a NM(CE) with NM(E) a NM(C£), the bigger one corresponds to the rule 

10 which should be adjusted. 
' [0032] A fuzzy controller system 1 according to the present invention may be constructed using standard components 
such as A/D and D/A converters, PLC, etc. which may be obtained from the Omron Corporation, Japan, for instance. 
The PLC may be connected to a personal computer (PC) including a processor such as a Pentium™. The main program 
may be written in a high level language such as the C language. In the simulation model 40 of Fig. 2B one main analytic 

is controller 3 and two fuzzy controllers FLC1 and FLC2 are used as described with reference to Fig. 3, the valves VL and 
VS being separately controlled by the two fuzzy controllers FLC1 and FLC2, respectively. Fuzzy controller FLC1 con- 
trols valve VL and simulates the control of the C-rods in a nuclear reactor, fuzzy controller FLC2 controls valve VS and 
simulates the control of the A-rods, and the analytic controller means 2 is the main co-ordinator. The adaptive function 
is programmed as a module and can be switched on/off on-line by a function key. Each fuzzy controller FLC1 and FLC2 

20 has two inputs CE and E and one output /. Membership functions may have, for instance, conventional triangular 
shapes. Each fuzzy controller has 49 rules. An example of such a rule is, "if the E is NL and CE is NM, then VL is PL". 
Large overshoots are preferably avoided, so all rules are initialised as safely as possible, e.g. with NL as conclusion 
parts. In the simulation model 40 the desired water level in the main tower 42 is 20 cm (the S value) and the water level 
starts from 0 cm. 

25 [0033] In accordance with one embodiment of the present invention the control strategy of the simulation model 40 is 
strictly to emulate the conventional operation of a nuclear reactor, that is, at the beginning, VL (the big valve) is open 
and VS (the small valve) is half open and the water level is below 18 cm. When the level arrives at 18 cm, the FLC1 
starts to work and adjusts VL; when the level arrives at 19.5 cm, the FLCl stops but FLC2 starts to adjust the VS. The 
adaptive function is switched on at the beginning and a = 1 . Fig. 6 shows a comparison result between the adaptive 

30 control in accordance with the present invention and a conventional non-adaptive control with bad rules. The non-adap- 
tive controller is identical to the adaptive controller except the adaptive module is not provided. Adaptive fuzzy control 
in accordance with the present invention has a much better result than the non-adaptive one. The level controlled by the 
non-adaptive control hunts around 18 cm, because whenever the water level is higher than 18 cm, the FLC1 will be 
switched on, but the rules have NL as control commands, consequently the water level will go down. The FLC1 stops 

35 immediately when the level is lower than 1 8 cm and VL will be fully opened. Thus, the water level cannot move from the 
position around the level of 18 cm, a consequence of the bad rules. The adaptive control can self-regulate the rules, 
therefore the water level is able to rise to 20 cm. The rules in the adaptive controller change with time. In some aspects, 
the RBMCS 1 in accordance with the present invention is more difficult to implement for the simulation model 40 than 
for a nuclear reactor. For example, in a practical experiment the two linear valves VL and VS had an operational delay 

40 of 90 seconds. This will result in a inferior control when transiting from the VL controlled by FLCl to VS controlled by 
FLC2. The reason is the valve VL still moving when FLC2 is switched on. 

[0034] In the next example of the present invention, a comparison is made with a conventional fuzzy controller with a 
good rule base using the simulation model 40 of Fig. 2 B. The RBMCS 1 in accordance with the present invention makes 
use of the same fuzzy rules as the conventional fuzzy controller but includes the adaptive function. Fig. 7 illustrates two 
45 effects, in which A has adaptive function and B has not. Comparing them, we have the following result: 

generally A and B are almost the same. 

[0035] The initial rules are good, it means, they are always right whenever they are required to be positive or negative, 
so therefore, the adaptive function seldom changes any of the rules. Hence, the actions of the controller are almost same 
for both A and B, and the two curves have almost same shape. 

A is a little faster than B at reaching the desired value but the overshoot of A is bigger than B; 

55 [0036] When the water level is near the set value, the rules for B (without the adaptive function) make the level 
approach the set value gradually, and it is even possible that the water level sometimes stops for an instanf (CE (f+ 1 ) 
= 0 ). therefore B is a little slower than A to get the set value. It is easy to limit the overshoot of A. The adaptive function 
does not distinguish between "much lower than the set value" and "a little lower than the set value," for example, when 
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the water level is lower than the set value, even If it is only a little bit lower. Hence, if the water level stops for one step, 
i.e. then the rule will be adjusted along the positive direction, i.e., r[/>min(/t/]+1xa, where this may be 1 ....7). So some 
large actions, such as PL or PM, may appear in the modified rule-table, and an overshoot can occur. However, as soon 
as the water level exceeds the desired value, the adaptive algorithm will use some large negative actions, such as NL 
5 or NM to stop the rising of the water level, therefore, the overshoot will never go too far. 

A is more stable than B during a steady-state period. 

[0037] An objective of the adaptive algorithm in accordance with the present invention is to drive the water level to the 
io desired value by self-regulating rules. Hence, as soon as the water level enters into a steady state, it will be supervised 
strictly by the adaptive function. In case there is a small disturbance the adaptive function will regulate rules immedi- 
ately to overcome the influence of the disturbance. The normal fuzzy control is also quite robust in overcoming a distur- 
bance, but the adaptive fuzzy control is more robust. As shown in Fig. 7, when t is around 230 seconds, B is a little lower 
than the set value 1000, but A is not. On the other hand, the RBMCS in accordance with the present invention uses 
is some crisp rules in an analytic controller, therefore, it is less robust than a pure fuzzy controller. However, the RBMCS 
method is especially suitable for a well -characterised complex system. 

[0038] A further comparison is given in Fig. 8 of a conventional PID controller used to control the water level in the 
main tower of Fig. 2B. The result shows that the PID controller overshoots and undershoots in the general case 
whereas the trace of a fuzzy controller in accordance with the present invention shown in Fig. 6 shows that the desired 

20 value is arrived at more smoothly. 

[0039] In accordance with a further embodiment of the present invention an RBMCS 10 may be implemented as 
shown schematically in Figs. 9 and 10. Referring to Fig. 9, the system 10 may include a computer 21 which carries out 
the functions of the controller organiser 4 and the adaptive module of the previous embodiment, a controlled system 20 
such as a nuclear reactor and a plurality of controllers 22-24, which may include an analytical controller 22 and fuzzy 

25 controllers 23. 24 Each of the fuzzy controllers 23, 24 preferably controls one object, e.g. either the control rods "A" or 
the control rods "C" of a nuclear reactor, or one of the valves VL, VS in simulation 40 whereas the analytic controller 22 
controls the position of both these rods or valves. All the controllers 22-24 are connected to the computer 21 by a com- 
mumcatjon line 25 such as an ETHERNET connection or similar. The computer 21 receives control parameter outputs 
26 from sensors in the controlled system 20. For example, computer 21 receives a value related to the reactor power in 

30 a nudear reactor or the water level from the main tower 42 in the simulation model 40, as well as the rate of change of 
this value Additionally, in some embodiments of the present invention computer 21 may receive other parameters, e.g. 
values relating to the exact state, e.g. position of object 1 and/or 2. The computer 21 can control each of the controllers 
22-24 m such a way that each controller 22-24 can be activated or deactivated. This is indicated by switches 27-29 con- 
trolled to be on or off by computer 21 although other implementation methods than these switches 27-29 which achieve 

35 the same function are included within the scope of the present invention. 

[0040] Fig 10 is a schematic representation of one embodiment of a fuzzy controller 23 in accordance with the 
pr esent invention The fuzzy controller 23 has three digital units 31 -33 and a number of analog units 34-37. The digital 
unit 31 is a CPU unit and has a central processing unit (CPU) and memories (not shown) for storing application pro- 
grams and data, e g ROM or RAM memories. The CPU unit 31 is adapted to set various constants and coefficients in 

<c the analog umts 34-37 as well as for monitoring the operation of the same. Digital unit 32 is a memory having a RAM 
for storing various data. Digital unit 33 is a communication interface unit for providing communication between the CPU 
in unft 31 and the computer 21 . 

[0041 ] The analog unit 34 is an I/O (input/output) unit which acts as a communication interface between the controlled 
system 20 and the other analog units 35-37. Analog units 36, 37 are fuzzy inference units which each execute a prede- 

45 termined fuzzy inference operation based an input of a control variable from the system 20 via the I/O unit 34 and a set 
of fuzzy control rules Analog unit 35 is a definite value operational unit for defuzzifying the outputs of the analog units 
36, 37 and for outputting a definite value synthesised from the outputs of the fuzzy inference units 36, 37. The output 
from unit 35 is applied to the controlled system 20 via the I/O unit 34. The analog units 34-37 are connected together 
via an analog bus 38 and the number of units 34-37 may be extended as required. 

so [0042] The analog units 34-37 are connected with the digital units 31-33 via a digital bus 39 thus allowing various 
constants and other parameters of the analog units 34-37 to be set by the CPU of the CPU unit 31 . The function of the 
controller organiser 4 mentioned above in the first embodiment is carried out by computer 21 . The computer 21 moni- 
tors the system control parameters 26 and depending upon these values, e.g. whether they lie within the ranges for acti- 
vating the analytical controller 22 or one of the fuzzy controllers 23. 24, it activates the relevant controllers 22 to 24. For 

55 instance, depending upon the history of one of the control parameters 26. the computer 21 sends instructions to the 
CPU units 31 of the fuzzy controllers 23, 24 to change the fuzzy rules used in the relevant one of the inference units 36, 
37 depending on the algorithms mentioned above. 

[0043] Operation of controllers 22 to 24 will be described below with reference to the simulation model shown in Fig. 
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2B as a non-limiting example of the present invention. With respect to Figs. 2 and 3 fuzzy controller FLC1 for controlling 
the valve VS may be controller 23 and FLC2 may be controller 24. The analytic controller 22 is conventional and will not 
be described in detail. The computer 21 acts as the controller organiser and controls and co-operates with the analytic 
controller 22 and the fuzzy controllers FLC1 (23) and FLC2 (24) in accordance with the following rules: 

5 

1) if D<D_ scope then VL= fully-open and VS= half -open, analytical controller; else if D>-D_ scope then VL= closed 
and VS= half -open, analytical controller; 

2) else if D<Y and D>-Y and DD<W and DD>-W then FLC2 is switched on and FLC1 is off; 

3) else FLC1 is switched on and FLC2 is switched off and VS= half closed. 
10 4) if VS= closed and D>Z and DDD>=0 then f = X and VL=VL+f ; 

5) if VS= open and D<-Z and DDD<=0 then f= -X and VL=VL+f 

where D is the difference between the actual value of the control parameter (in the simulation: the height of the water 
in the main column) and the desired value; DD (speed) is the rate of change of D with time, ODD (acceleration) is the 

15 rate of change of DD with time and X represents a valve change value which means a small change in the respective 
valve setting. D_scope defines an interval in which the FLC1 starts to work which is subject to a property of the system, 
e.g., D_scope = -7.5 cm for the simulation model. The first rule means that if the water level in the main tower is more 
than 7.5 cm below the desired value, VL will be fully opened and VS is at the half-open position and the system 20 is 
controlled by the analytic controller 22, and if the water level in the main tower is more than 7.5 cm above the desired 

20 value, VL will be fully closed and VS is half-open and the system 20 is controlled by the analytic controller 22 (coarse 
control). The second rule means that when D and DD lie within a very small region (± Y and ± W. respectively, e.g. 2 
cm), then VL doesn't move (actually FLC1 doesn't work) and FLC2 starts to work (very fine control). The third rule 
means that in other cases FLC1 starts to work and FLC2 stops (fine control). Whenever FLC1 starts to work, VS is 
always set back to the middle position, i.e. half-open. The last two rules represent the situation when VS is at a limit 

25 position. When VS has been already closed and the water level is higher than the desired value by an amount Z, e.g. 
0.2 cm. and it is still rising, then VL should be closed a little bit more by an amount X. When VS has been already fully 
opened and the water level is lower than the desired value and it is still descending, then VL should be opened a little 
bit more by a value X. 

[0044] In the RBMCS 10 for the simulation model 40, the fuzzy logic controllers FLC1 and FLC2 may be designed as 
30 a function, so these can be generated by the same function: 

Fuzzy_control(rule base, inputl, input2) 

where the arguments are the rule base, inputl . and input2. Each fuzzy controller FLC1 and FLC2 has two inputs, i.e.. 

35 D and DD, and one output f which represents an added value to the current value of VL or VS. respectively. D, DD and 
f are fuzzif ied and are described individually by 7 fuzzy linguistic terms, that is. PL (positive large), PM (positive middle), 
PS (positive small). ZE (Zero), NS (negative small), NM (negative middle), and NL (negative large). The membership 
functions for these fuzzy linguistic terms may be defined as symmetrical triangle-shaped functions, for example, but 
they may be limited in different intervals which are represented as [Ix, rx]. The following is the mathematical description 

40 of the membership functions, where i=1 , 2, 3, 4, 5, 6, 7, which correspond to NL, NM, NS, ZE, PS, PM, PL, respectively, 
and a=(rx-/x)/8. 
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10 



15 



20 



mf(lx 9 rxj,xx) = < 



1 

xx-lx-2a 



0 



xx < Ix + a 
Ix + a < xx < Ix + 2a / = 1 
else 



xx — Ix — (/ — X)a 
a 

xx-Zr-(/ + !)dr 



a 
0 



1 

xx - rx + 2a 



<3 

0 



Ix + (i 1 - \)a < xx < Ix + to 

/x + w < xx < Ix + (i + X)a I < i < 1 
else 



xx>rx-a 
rx -2a < xx < rx — a i = 7 



^5 For example, suppose Ix =-200, rx = 200, /=4, xx = 0, then m/(-200, 200, 4, 0) = 1 , it means the membership degree 
that xx = 0 belongs to the fuzzy set ZE is 1 . 

[0045] In one embodiment each fuzzy controller FLC1 . FLC2 has one rule base which contains 49 fuzzy control rules. 
The /-th rule can be represented as the following form: 



30 



35 



if D is A| and DD is B., then f is C 



where A i( Bj, and Cj are fuzzy linguistic values, such as NL, PS, and so on. The above rule may be abbreviated as (A jf 
Bj: Cj). According to the reasoning model of Mamdani, the following formulas are used to calculate the output of a fuzzy 
controller FLC1.FLC2, 
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10 



20 



25 



30 



35 



A = \/ {A i (d)/\B i 
A, = v (A. (d) a 

2 C i =NM ,X 

A, = v (1W)a 

3 C, = NS X ,X ' 



»5 c.=z£: 



A 4 = v (4(J)a^(JJ)) 

C f — ZE 

^5 = c y„(4W A 



^6 = c v m (4Wa 

A 7 = c V >i (4(J)AB i 



Suppose the output interval of f is [n/, p/] , then 

7 



t (D 

1=1 



Norrraity, when the water level rises from 0 to 20 cm, three control stages will develop. The first stage is from a water 
level of 0 to 1 2 5 cm (20 - 7 5 cm) in the main tower 42. The computer 21 receives the water level sensor output 26 and 

40 activates via switch 27 the analytic controller 22 which is the only controller which works. In the second stage the water 
level m the mam tower 42 is between 12.5 cm to 18 cm and computer 21 activates only FLC1 via switch 28. In the third 
stage the water level is from 1 8 cm to 20 cm (up to 22 cm) and computer 21 activates FLC2 via switch 29. 
[0046] In accordance with the present invention the rules in the fuzzy controllers FLC1 , FLC2 are modified depending 
upon the performance of the system 20, i.e. in accordance with performance norms and rule modification algorithms of 

45 the present invention as described above. Calculation of performance values may be carried out in computer 21, e.g. 
by appropriate computer programs running thereon. Calculation of the modifications necessary to the fuzzy rules of the 
fuzzy controllers FLC1 and FLC2 may be done by the computer 21 and the modified rules communicated to the fuzzy 
controllers FLC1 and FLC2 via communication line 25. Alternatively, each fuzzy controller FLC1 and FLC2 may have 
its own local intelligence to calculate the modified fuzzy rules applicable to itself. The input of each controller FLC1 and 

so FLC2 as well as the analytical controller would then be E and CE as well as any additional variables such as the posi- 
tion of the object controlled by the controller. 

[0047] Preferably not all rules need to be adaptively modified which could be modified. Preferably rule / may be adap- 
tively regulated in accordance with an embodiment of the present invention if and only if: 

55 
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Ai (E) a E t (CE) = v Aj(£) a Bj (CE) (2) 

G = C 

5 

Normally, there are at most four rules which are activated at the same time in a two-input-one-output fuzzy controller, 
however in accordance with the present invention those rules are modified which are the most influential and not nec- 
essarily all four. Hence, the computer 21 not only determines the degree of adaptive modification of each rule for each 

w fuzzy controller FLC1 and FLC2 but also determines which of these rules are to be selected for modification. For exam- 
ple, if two rules are activated simultaneously which have the same fuzzy linguistic value in the conclusion part before 
modification, only the one with the bigger output of membership degree is influential, see equation (2). Therefore, it is 
not necessary to adjust all activated rules. In particular, modifying too many rules at one time may cause oscillation of 
rules and erratic control performance. 

15 [0048] An algorithm of adaplively regulating fuzzy rules in accordance with one embodiment of the present invention 
may be simply expressed as the following: 

each fuzzy controller uses its current fuzzy control rule table to infer (control) once at time t, stores E(t) and gets 
E(t+ 1) and CE(t+ 1) once the system progresses to the new state at t+ 1 ; 
20 • find out the rule i(s] which should be adjusted; 

modify the rule i(s) according to the performance measurement norms described above; 
keep the special rule (ZE,2E;ZE), i.e., "if E is ZE and CE is ZE, then / is ZE." 
return to the first step and repeat. 

25 This is a dynamic process which cycles endlessly. According to the above norms, the duty of this adaptive algorithm is 
to adjust rules so that the actual value will approach the desired value. Therefore, this adaptive algorithm will make E 
equal to zero gradually. 

[0049] If initial overshoots should be avoided, the safest way is to initialise all rules of each fuzzy controller FLC1 and 
FLC2 as having a unified conservative (safe) output, e.g. NL, as shown in Table 1 . 

30 



Table 1 



35 



AO 



45 



The initial rule table for both FLC1 and FLC2 


DD\D 


NL 


NM 


NS 


ZE 


PS 


PM 


PL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


NM 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


NS 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


ZE 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


PS 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


PM 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


PL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 



In this table, for example, NL at row 2 and column 3 means; if D (difference between actual and desired value of the 
control parameter) is NM and DD is NL then f (the output of the controller) is NL. All rules have the same conclusion 
so part though condition parts are different. After a certain period of time the rules of the fuzzy controllers FLC1 and FLC2 
have changed, they have been adapted to the system conditions. For example, in the above example 10 minutes later, 
the rule tables have both changed. Table 2 gives the modified rules of FLC1 and Table 3 gives those for FLC2, where 
the modified rules are marked by bold fonts. 

55 
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Table 2 



5 



The regulated rule table for both FLC1 


DD\D 


NL 


NM 


NS 


ZE 


PS 


PM 


PL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


NM 


NM 


NL 


NL 


NL 


NL 


NL 


NL 


NS 


NL 


NS 


Pftfl 


NL 


NL 


NL 


NL 


ZE 


NS 


PL 


PL 


ZE 


NL 


NL 


NL 


PS 


NL 


NL 


NM 


NL 


NL 


NL 


NL 


PM 


NL 


NL 


NL 


NL 


NL 


NL 


NL 


PL 


NL 


NL 


NL 


NL 


NL 


NL 


NL 



Table 3 



25 



35 



The regulated rule table for FLC2 


DD\D 


NL 


NM 


NS 


ZE 


PS 


PM 


PL 


NL 


Nftfl 


Pftfl 


PL 


PL 


Nftfl 


NL 


NL 


NM 


PL 


PL 


Pftfl 


PL 


PL 


NL 


NL 


NS 


Pftfl 


PL 


PL 


PS 


PL 


NL 


NL 


ZE 


PL 


PL 


PS 


ZE 


NL 


NL 


NL 


PS 


PL 


PL 


PM 


NS 


NL 


NL 


NL 


PM 


PAfl 


PL 


PL 


NM 


NL 


NL 


NL 


PL 


ZE 


ZE 


Nftfl 


NL 


NL 


NL 


NL 



The adaptive algorithm in accordance with the present invention is helpful to revise any bad rules. The adaptive algo- 
rithm is a general algorithm which is independent of the specific system. 
40 [0050] Certain aspects of the present invention may be summarised as: 

The norms introduced in this invention are very simple, for example, norms consider P(t)<0 but not more complex 
algorithms, for instance, P(t)<-1 or P(t)<-2 but such more complex algorithms are not excluded from the present 
invention. 

45 • The adaptive function is generic and system independent. 

The parameter a is influential to the overshoot and response time (rise time). When a is too large, there will possi- 
bly be a big overshot; when a is too small, there will possibly be a long response time. 

The adaptive function considers only the last value, that is, use P(t-1) not P(t-r) (x is a longer delay) to decide P(t), 
but the experimental results shows that the control is good, although the valves of the simulation model have a 
so delay of maximum 90 seconds. The present invention does not exclude more complex algorithms in which more 
historical data is used to determine the best rule modifications. 

The adaptive function chooses some rules according to formula (1) to adjust some but not all activated rules. This 
makes the transition of the rules smoother with little or no resonance. 

Selecting initial rules appropriately will benefit the control effect. For example, if the overshot is strictly limited, all 
55 rules may be initialised with the conclusion part of NL, as described above. If some experience is available, this may 
be included in the determination of the initial rules of the adaptive function and the response time (rise time) will be 
shorter. 

The rule, if E is ZE and CE is ZE then / is ZE, should be fixed, as it will help the system become stable. 
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The adaptive function is very helpful in keeping the system stable in a steady state. It may not be able to guarantee 
no overshot if the initial rules are randomly selected. 

The adaptive function need not adjust membership functions and scale factors but the present invention does not 
exclude these additional adaptive elements. 

5 

[0051 ] A further embodiment of the present invention will be described with reference to Fig. 1 1 . Generally, a nuclear 
reactor will be operated by hand and will have an optional automatic control. The rules for when the automatic control 
may be used are well known and documented. In accordance with this embodiment one or more fuzzy controllers FLC 
53, 54 or any other form of new controller is (are) to be used with the reactor control system 50. In particular the fuzzy 
w controller FLC of this embodiment may be one of the above embodiments of the invention which includes an analytic 
controller and one or more fuzzy controllers, whereby the fuzzy controllers control the system when the actual value of 
the control parameter, e.g. reactor power, is close to the desired value whereas the analytic controller is used when the 
actual value is far from the desired value. This is advantageous for both steady state and load change conditions. Load 
changes are normally much larger than load disturbances. Hence, in accordance with the present invention control 
75 passes to the analytic controller during a load change (large difference between actual and desired value) or even 
reverts to normal control if the difference between actual and desired values are outside the safety zone for this auto- 
matic control. To avoid the conventional forms of control being operative at the same time as the FLC controller 53, 54 
a key and safety lock 51 are provided. When this lock 51 is activated by the key switches 55, 56 change the control from 
conventional to the new controllers. As an additional precaution, the power supply to the computer of the FLC contral- 
to lers is only activatable when the switch 57 is closed which is also activated by the key 51 . The controller 53 for the C 
rods is subject to the usual safety conditions (switches 52) for C rod operation. When the key 51 is deactivated the con- 
trol returns to normal operation. 

[0052] While the invention has been shown and described with reference to preferred embodiments, it will be under- 
stood by those skilled in the art that various changes or modifications in form and detail may be made without departing 
25 from the scope and spirit of this invention as defined in the attached claims. 

Claims 

1. A fuzzy controller for use with a controlled system and for controlling a first object of the controlled system in 
30 accordance with a system control parameter; the fuzzy controller comprising: 

a fuzzy rule base including control rules for performing a fuzzy inference operation; and an adaptive unit for 
adaptively changing a parameter relating to one of the control rules of the fuzzy controller in accordance with 
a multi-dimensional performance table having at least three dimensions, the inputs for the table being an error 
35 in the system control parameter, the rate of the change of the error in the system control parameter and a value 

related to a state of the controlled system or a value related to a state of an object in the controlled system. 

2. A fuzzy controller for use with a system having a sensor for sensing a state of the controlled system and for con- 
trolling a first object of the controlled system, the fuzzy controller comprising: 

40 

a fuzzy rule base including control rules for performing a fuzzy inference operation; and an adaptive unit for 
adaptively changing a parameter relating to one of the control rules of the fuzzy controller, the adaptive unit 
being adapted to change the parameter relating to one of the control rules in a current time period in accord- 
ance with a value relating to the current output value of the sensor and a value relating to the output value of 
45 the sensor in a previous time period. 

3. A fuzzy conttroller according to clam 1 or 2, wherein only a rule of the fuzzy rule base is changed if it is the largest ' 
amongst those activated rules which have the same conclusion part. 

so 4. A fuzzy controller accoprding to any previous claim, wherein the fuzzy rule base includes a rule that if an error 
between the actual and desired performance of the the system and the rate of the change of this error is close to 
zero, the fuzzy controller has a neutral control output and that this rule cannot be changed. 

5. A method of controlling a system including at least one fuzzy controller having control rules for performing a fuzzy 
55 inference operation, the at least one fuzzy controller controlling a first object of the controlled system in accordance 
with a sensed system state of the controlled system, comprising the steps of: 

adaptively changing a parameter relating to one of the iuzzy rules of the at least one fuzzy controller in a cur- 
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rent time period in accordance with a current value relating to a sensed system state and a value relating to a 
sensed system state in a previous time period. 

6. A method of controlling a system including at least one fuzzy controller having control rules for performing a fuzzy 
5 inference operation, the at least one fuzzy controller controlling a first object of the controlled system in accordance 

with a sensed system state of the controlled system, comprising the steps of: 

adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy controller in accord- 
ance with a multi-dimensional performance table having at least three dimensions, the inputs for the table 
10 being an error value for the sensed system state, a rate of change of this error and a value related to a state of 

the controlled system or a value related to a state of an object in the controlled system. 

7. A control system for a group of controllers comprising: 

is at least one fuzzy controller having control rules for performing a fuzzy inference operation, said fuzzy control- 

ler controlling a first object of a system to be controlled in accordance with a control parameter; 

at least one analytic controller for controlling the first object of the controlled system; 

20 a control means for controlling which of the at least one analytic and the at least one fuzzy controllers actively 

controls the controlled system; and 

an adaptive unit for adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy 
controller in response to changes in the control parameter. 

25 

8. A method of operating a group of controllers at least one fuzzy controller having control rules for performing a fuzzy 
inference operation, said fuzzy controller controlling a first object of a system to be controlled in accordance with a 
control parameter and at least one analytic controller for controlling the first object of the controlled system; the 
method comprising the following steps: 

30 

controlling which of the at least one analytic and the at least one fuzzy controllers actively controls the control- 
led system; and 

adaptively changing a parameter relating to one of the fuzzy rules of the at least one fuzzy controller in 
response to changes in the control parameter when the fuzzy controller is actively controlling the controlled 
35 system. 

9. A simulation system for well characterised safety critical systems comprising a first 

hollow vessel, a second hollow vessel and a third hollow vessel; 
40 a supply of liquid to each of the second and third hollow vessels; 

an output for the liquid from each of the second and third vessels to the first vessel; a liquid outlet from the first 
vessel; 

a first controllable valve for controlling the flow of liquid from the second to the first vessel; and 
a second controllable valve for controlling the flow of liquid from the third to the first vessel. 

45 

10. A system for controlling a safety critical system, the safety critical system having two automatic control devices, the 
control system comprising: 

a safety lock, the safety lock allowing the system to be controlled by only one of the automatic controllers at 
so any one time. 

1 1. A system according to claim 8, wherein one of the automatic controllers is a controller according to any of claims 1 
to 4 ot a control system according to claim 7. 

• 55 



BMSDOCID: <EP 09B598BA1_I_> 



EP 0 985 988 A1 



fo3 



fuzzy sets 



(fuzzy rule base 

Tl 



fuzzificationl 



data 



i 



fuzzy inference 



v 

fuzzy sets 



•J 



adjust rules 



defuzzifi cation 



performance 
judgement 



T/o 7 



datai | data 



/ <j-o 



Fig. 1 



C-rods (main-tuning ) A-rod 

(fine-tuning) 




BRl 



Fig. 2A 



19 



BNSDOCIO: <EP 098S9SeA1J_> 



EP 0 985 988 A1 



r £.5 



pump 




Fig. 2B 



/crisp if -theri\ 
V rules J 




inputs 



analytic controller 
main coordinator 



3 ^ 



FLCl FLC2 



4 




/' fuzzv if-theri\ 



Fig. 2B 



^ules 



outputs 




Fig. 3 



20 



EP 0 985 988 A1 




r[/]: the action of the i-th rule, r[/]=I, 2, 1, 
(X : the adjustment step, ^ 5 

r[i] = r[i] 




ffii-- 3 P(t+1) 



feature part ( 1 ) 



1 ; 



Fig. 5 



21 



_0985988A1J_> 



EP 0 985 988 A1 




Fig 6 



2500 
2000 



o 

| 1000 
0 



100 











A: with adaptive control 
B: without adaptive control 

I 1 H 1 



200 300 
time (s) 



400 



500 



Fig. 7 



22 



BNSDOCID: <EP 098S988A1J_> 



EP 0 985 988 A1 



PID 

level (0.1mm) 




480 



Time ( s ) 



Fig. 8 



nx it 



1 0 V C Rods( 1 0, main control) Al Rod 

J FLC operation ^ \ v. 
condition id Safety conditions 



indicator r FLC Kc 



S3 

C FLCf 



forC rods 



1, fine control) 



^ So 



NC 



J J*, J. J 



I FLC f^-^ 



Fig. 1 1 



23 



0985988A1J_> 



EP 0 985 988 A1 



<} — -:- ■ 



<y 



OBJECT 1 



OBJECT 2 



f 



COMPUTER 



2 



ANALYTIC 
CONTROLLER 



3 1> 



1? 



22 



r- 

FUZZY 
CONTROLLER 



3 t> 



FUZZY 
CONTROLLER 



3 1 



2-0 




<!----{> 



Fig. 9 



24 

BNSDOCID: <EP 0985988A1J_> 



EP 0 985 988 A1 



HOST COMPUTER 



A 



it 



21 



T 



20 



CONTROLLED 
SYSTEM 



CO 
CO 
O 

o 

-J 

< 
z 
< 



DIGITAL UNIT 
(CPU UNIT) 





DIGITAL UNIT 
(MEMORY UNIT) 



RAM 



DIGITAL UNIT 
(COMMUNICAT ION I /F UNI T) 



IC0MMUNICAT10N 
I DRIVER /RECEIVER 



1-3 



ANALOG UNIT 



INPUT /OUTPUT 
CIRCUIT UNIT 



ANALOG UNIT 



3( t 



DEFINITE VALUE 
OPERATIONAL UNIT 



3* 



ANALOG UNIT 



FUZZY INFERENCE 
OPERATIONAL UNIT 



v 



FUZZY INFERENCE 
OPERATIONAL UNIT 








3> 



FUZZY CONTROLLER 



v 



13 



f? 3 . 10 



25 



BNSDOCID: <EP_ 



_09B5988A1_I_> 



EP 0 985 988 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 87 0192 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lntCI.6) 



A 



DE 42 40 788 A (BOD ENS E EWE RK GERAETETECH) 
9 June 1994 

* the whole document * 

CHIH-HSUN CHOU ET AL: "A HEURISTIC 

SELF-TUNING FUZZY CONTROLLER" 

FUZZY SETS AND SYSTEMS, 

vol. 61, no- 3, 10 February 1994, pages 

249-264, XP000423101 

* the whole document * 

US 5 481 648 A (V0LP0NI ALLAN J ET AL) 
2 January 1996 

* column 4, line 44 - column 11, line 14 * 

B0MISS0NE P P ET AL: "FUZZY LOGIC 
CONTROLLERS: FROM DEVELOPMENT TO 
DEPLOYMENT" 

PROCEEDINGS OF THE INTERNATIONAL 
CONFERENCE ON NEURAL NETWORKS (ICN, SAN 
FRANCISCO, MAR. 28 - APR. 1, 1993, 
vol. 2, 28 March 1993, pages 610-619, 
XP00036943O 

INSTITUTE OF ELECTRICAL AND ELECTRONICS 
ENGINEERS 

BIHDEL T ET AL: "ENTWURF, 
STA8ILITATSANALYSE UND ERPORBUNG VON 
FUZZY-REGLERN AM BEISPIEL EINER 
DURCHFLUSSREGELUNG DESIGN, STABILITY 
ANALYSIS AND TEST OF FUZZY CONTROLLERS FOR 
A FLOW CONTROL SYSTEM" 
AUTOMAT I SI ERUNGSTECHNI K - AT, 
vol. 43, no. 5, 1 May 1995, pages 249-255, 
XP000507699 

-/-- 



1.6 



1.6 



G05B13/02 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 



Th^ prwjo rA soereh rep o rt h oo booo -d /uw n up f e* u ll etewwe 



G05B 



Pl<*» <J MJAJCh 



THE HAGUE 



Date ol corTv>let»n of the search 

1 February 1999 



KELPERIS K. 



CATEGORY OF CITED DOCUMENTS 

X : particularly rotovani a taken aJono 

Y : particularly relevant if oombinod with another 

doeumont of the name category 
A : toch no tog teal background 
O : non-written dracloouro 
P : intermediate document 



T : theory or principle underlying the invention 
6 : eariior patent doeumont, but publbhed on, or 

after the frltng date 
D : document cited in tha application 
L : document citod for other reasons 

& : member of tho oame patent family, corresponding 
doeumont 



26 



<EP 0985988A1 J_> 



EP 0 985 988 A1 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 87 0192 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant paasages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lnt.CI.6) 



US 5 433 079 A (B ADAM I VIVEK V 

18 July 1995 

* the whole document * 



ET AL) 



F.MRAD ET AL: U A NOVEL FUZZY LOGIC 

SYNCHRONOUS MACHINE STABILIZER 1 ' 

IAS97 CONFERENCE RECORD OF THE 1997 IEEE 

INDUSTRY APPLICATIONS, 

vol. 2, 5 October 1997, pages 797-803, 

XP002O91778 

USA 

* the whole document * 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 



ft h as been drawn up fo e oil etetme 



Place d ftaarch 

THE HAGUE 



Dae ot completion at ihe •eareh 

1 February 1999 



Examiner 

KELPERIS K. 



CATEGORY OF CITED DOCUMENTS 

X : partial tarty relevant if taken alone 

Y : particularly relevant if combined with another 

document of the aamo category 
A : techno log teal background 
O : non- mitten di&cloouro 
P : intennodiflto document 



T : theory or principle underlying the invention 
E : oarlbr patont document but pub bo hod on, or 

aJtor the tiling date 
D : document citod in tho explication 
L : document cited tor othor rooaono 

& : member of the aamo patont family, corrooponding 
document 



27 



EP 0 985 988 A1 




European Patent 
Office 



Application Numbor 

EP 98 87 0192 



CLAIMS INCURRING FEES 



The present European patent application comprised at the time of filing more than ten claims. 



□ 



□ 



Only part of the daims have been paid within the prescribed time limit The present European search 
report has been drawn up for the first ten claims and for those claims for which claims fees have 
been paid, namely claim(s): 



No claims fees have been paid within the prescribed time limit. The present European search report has 
been drawn up for the first ten claims. 



LACK OF UNITY OF ONVENTDON 



The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 



see sheet B 



□ 
□ 
□ 



All further search fees have been paid within the fixed time limit. The present European search report has 
been drawn up for all claims. 

As ail searchable claims could be searched without effort justifying an additional fee, the Search Division 
did not invite payment of any additional fee. 

Only part of the further search fees have been paid within the fixed time limit. The present European 
search report has been drawn up for those parts of the European patent application which relate to the 
inventions in respect of which search fees have been paid, namely claims: 



None of the further search fees have been paid within the fixed time limit. The present European search 
report has been drawn up for those parts of the European patent application which relate to the invention 
first mentioned in the claims, namely claims: 



28 



3NSDOCID: <EP_ 



_0985988A1_I_> 



EP 0 985 988 A1 




European Patent 
Office 



LACK OF UNITY OF INVENTION 
SHEET B 



EP 98 87 0192 



Application Number 



The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 

1. Claims: 1 3-4 6 

A fuzzy logic controller using a mul tidimansional table 

2. Claim : 2 5 

A fuzzy controller using a value of a sensor related to a 
previous time period 

3. Claims: 7-8 11 

A method of controlling using a fuzzy and an analytic 
control ler 

4. Claim : 9 

A simulation method 

5. Claim : 10 

A system for controlling a safety critical system 



3NSDOC1D: <EP 0985988A1_I_> 



29 



EP 0 985 988 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 98 87 0192 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report. 

The members are as contained in the European Patent Office EDPfile on .... „ „, 

The European Patent Office is in no way liable for these particulars which are merely gwen for the purpose of informabon. 

01-02-1999 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


DE 4240788 


A 


09-06-1994 


NONE 




US 5481648 


A 


02-01-1996 


NONE 




US 5433079 


A 


18-07-1995 


NONE 





8 

u. 

& For more details about this annex : see Official Journal of the European Patent Office, No. 12/82 



30 



BNSDOCID: <EP. 



09859BBA1_I_> 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
^ FADED TEXT OR DRAWING 
$J BLURRED OR ILLEGIBLE TEXT OR DRAWING 



□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




